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Neutron Diffraction Analysis of Residual  
Stresses near Unannealed Welds in  
Anhydrous Ammonia Nurse Tanks 
A. T. Becker,  L. S. Chumbley,  D. Goettee,  A. M. Russell 
ABSTRACT. Neutron diffraction analysis was employed to measure residual stresses near 
welds in used anhydrous ammonia nurse tanks. Tensile residual stresses contribute to 
stress corrosion cracking of nurse tanks, which can cause tanks to release toxic ammonia 
vapor. The analysis showed that tensile residual stresses were present in the tanks meas-
ured, and the magnitudes of these stresses approached the yield strength of the steel. Im-
plications for agricultural safety and health are discussed. 
Keywords. Anhydrous ammonia, Neutron diffraction analysis, Nurse tank safety, Residual 
stress, Steel, Stress corrosion cracking. 
nhydrous ammonia is a widely used agricultural fertilizer that is distributed to 
farm fields via cargo tanks commonly known as nurse tanks. Nurse tanks are 
designed to hold anhydrous ammonia in liquid form under pressure. They are 
mounted on running gear and are towed behind a truck or tractor on roadways and in 
farm fields. Their primary function is to transport the anhydrous ammonia from distribu-
tion points, often cooperatives, to the farm fields. Nurse tanks are cylindrical steel tanks 
with hemispherical end caps (fig. 1). Typical steels that have been used to construct nurse 
tanks include ASTM A285, ASTM A455, and ASTM A516 Grade 70; these are all low-
carbon, low-alloy (lower strength) steels with mixed ferrite and pearlite microstructures 
that accommodate large crack sizes before rupturing. Higher strength, quenched and tem-
pered ASTM A517 steel was used to construct nurse tanks in the 1960s and is still used 
today in ammonia semi-trailer cargo tanks. The Fertilizer Institute estimates that about 
200,000 nurse tanks are in operation across the U.S.; many are between 20 and 50 years 
old. 
An international survey conducted in 1982 found that over half of all inspected spherical 
ammonia tanks were reported to have cracks (Blanken et al., 1983). Fortunately, most 
cracks are too small and grow too slowly to compromise the structural integrity of the tank 
during its service life. Liquefied ammonia flash vaporizes upon depressurization and causes 
severe freezing and caustic burns if it contacts human tissue. Anhydrous ammonia most 
severely affects the high-moisture-bearing eye, skin, gastrointestinal, and respiratory sys-
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tems. Exposure to more than 140 ppm NH3 can cause corneal ulcerations, iritis, cataracts, 
glaucoma, and retinal atrophy. Exposure to 1700 ppm NH3 causes permanent respiratory 
damage and may be fatal with 30 min of exposure. Even brief exposure to more than 5000 
ppm NH3 is fatal (OSHA, 2006). The dangers posed by unintended NH3 releases make the 
safe storage and transport of anhydrous ammonia an important concern for all persons 
working in ammonia production and distribution as well as for the general public. 
Nurse tank failures can occur either by leaking or by catastrophic failure of the contain-
ing components. Although no comprehensive nationwide database exists to specifically 
isolate ammonia releases caused by catastrophic nurse tank failures, during 1984-2006 there 
were 224 ammonia release accidents of sufficient severity to elicit an OSHA enforcement 
action, and of those, 50 fatalities resulted (OSHA, 2006). Several catastrophic tank failures 
have caused severe injury, death, and extensive property damage. Such failures are often 
attributed to weakening of the tank by stress corrosion cracking (SCC) (Dawson, 1956; 
NTSB, 2003; DLI, 2005; FACE, 2005; Packer, 2008). An example of the potential hazards 
posed by SCC in nurse tanks is the 2005 “Morris missile” incident in an ag coop yard near 
Morris, Minnesota. A filled, 32-year-old, 3785 L (1000 gal) anhydrous ammonia nurse tank 
ruptured at 6:00 p.m., when no workers were present at the site. Emergency responders 
found the nurse tank in two pieces. A portion of the rear head lay near the filling dock, and 
the remainder of the tank was 100 m away. The sudden release of pressure at the SCC site 
blew the end off the vessel, and the main tank body rocketed across the yard, tore a parked 
tractor into two pieces, damaged a parked automobile, and came to rest in a nearby field. A 
neighboring farmer whose home was downwind of the site required hospitalization for 
ammonia inhalation injury. 
A similar incident occurred at a Calamus, Iowa, ag coop in April 2003. The longitudi-
nal weld at the base of the tank failed while the tank was being filled with ammonia. One 
worker was killed, and another suffered permanent, disabling lung injury. Yet another 
incident occurred in 2007 near Silver Lake, Minnesota. A tank being towed by a pickup 
truck ruptured, tearing the tank off its running gear, slamming it into the back of the 
truck, and propelling it across a farm yard. The driver was hospitalized for ammonia in-
halation. 
SCC is crack formation and propagation in metal caused by the combined effects of 
corrosion from the anhydrous ammonia and straining of the metal from residual or ap-
Figure 1. Anhydrous ammonia nurse tank on running gear.  
(Photo courtesy of the Federal Motor Carrier Safety Administration). 
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plied tensile stresses. The extent to which SCC damages a material is determined by the 
material type, environment, and applied stress loading. 
Since nurse tanks do not contain manways, magnetic particle and fluorescent dye pen-
etrant inspection methods cannot be used on the interior surfaces to find incipient cracks. 
Hydrostatic pressure testing is the only inspection method in wide use today. This study is 
examining the practicality of using side-angle ultrasound as a non-destructive method for 
detecting cracks in nurse tanks. The first indication of the presence of a crack may be 
either an exterior leak or a catastrophic failure by rupture. Prior studies have shown that 
SCC can occur by three mechanisms: active path dissolution, hydrogen embrittlement, 
and film-induced cleavage (Dawson, 1956; Wilde, 1981; Cottis, 2000; Woodtli and Kie-
selbach, 2000). Numerous reports have been published on the effects of water, oxygen, 
nitrogen, and carbon dioxide on SCC in ammonia tanks (Hutchings et al., 1971; Jones 
and Wilde, 1977; Jones et al., 1977; HSE, 1986; Loginow, 1986; Lunde and Nyborg, 
1987; Newman et al., 1989; Jones, 1992; Nyborg et al., 1996; NACE, 2004). 
Crack growth rates were modeled by Lunde and Nyborg (1987, 1996). Their model 
predicts crack growth rates on the order of 1 mm year-1 for a nurse tank, constructed from 
the now commonly used lower-strength ASTM A455 steel, in routine service with a typi-
cal stress intensity factor (50 MPa m-2). It has been well established experimentally that 
higher-strength steels are more susceptible to SCC (Jones and Wilde, 1977; Newman et 
al., 1989; NACE, 2004). For such higher-strength steels, such as ASTM A517, when the 
tank has sufficient tensile stress intensity factors, the Lunde-Nyborg model predicts crack 
growth rates as large as 2 to 6 mm year-1. 
Nurse tanks are fabricated by forming steel plate into cylindrical and hemispherical 
shapes and then welding those components into a completed tank. Most nurse tanks are 
not annealed after the welding used to fabricate them; thus, the steel in the fusion and 
heat-affected zones (HAZ) of the welds is particularly susceptible to SCC because it re-
tains high residual stresses from welding. When welds are used to join two pieces of met-
al, the heated regions of the metal expand as the temperature rises, while the cooler re-
gions distant from the weld do not expand. This difference in expansion generates residu-
al stresses as the hot portion of the metal cools. Those stresses remain essentially un-
changed from the moment the weld is completed until the tank is retired from service 
decades later. Regions of the tank near a weld’s fusion line (where actual melting of the 
metal occurred) have the highest residual stresses. Some regions near a weld retain a re-
sidual tensile stress, and other regions retain a residual compressive stress. Tensile stress-
es are essential for SCC initiation and propagation, so regions with residual tensile stress-
es are the regions vulnerable to SCC attack. 
A limited number of nurse tanks were annealed after welding, but that process was 
terminated. Such annealing is not required by regulation, and it is not industry practice. 
Thus, the majority of the U.S. nurse tank fleet has received no stress-relief anneal. Acci-
dent analyses performed on failed nurse tanks usually report that the crack leading to 
failure started near a weld (DLI, 2005). Observations of cracks in and near weldments 
typically show transgranular crack propagation in the fusion zone and intergranular prop-
agation in the heat-affected zone. 
Some investigators (Jones, 1992) have attempted to measure the residual stress state in 
and near nurse tank welds with x-ray diffraction analysis and/or strain gauge analysis. 
However, such measurements are challenging to perform because: 
• The penetration depth in steel of the x-ray wavelengths most often used in diffrac-
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tion analysis is only a few tens of micrometers, which leaves most of the metal in-
accessible to direct measurement of lattice parameter shifts caused by residual 
stress. 
• It is difficult to perform diffraction analysis on a tank without cutting a small cou-
pon from the tank. Cutting the tank releases much of the residual stress that was 
initially present, which complicates the analysis. 
• Strain gauges affixed to tank surfaces can measure strain changes resulting from 
cutting the tank, but these measurements indicate only the surface strain change and 
provide only indirect indications of the stress state several millimeters below the 
free surface. 
• Circumferential welds attaching the end caps to nurse tanks all have a backing plate 
under one side of the weld joint; removal of that plate would change the stress state. 
In an attempt to avoid these shortcomings, this study measured residual stress in nurse 
tank sections using neutron diffraction analysis performed at the Spectrometer for Mate-
rials Research at Temperature and Stress (SMARTS) facility of the Los Alamos Neutron 
Scattering Center (LANSCE) located at the the U.S. Department of Energy’s Los Alamos 
National Laboratory in Los Alamos, New Mexico. Neutrons have high penetrating power 
in steel and can deliver diffraction data from any depth in a common 11 mm thick steel 
nurse tank wall. The SMARTS facility can generate three-dimensional maps of stress 
distributions in nurse tank walls with millimeter-scale resolution. The measurements per-
formed in this study are believed to be the first neutron diffraction analyses performed on 
nurse tank end cap welds. 
Experimental Methods 
The SMARTS facility at LANSCE has been described in detail elsewhere (Russell et 
al., 2008). It has the ability to mount a complete circumferential welded section (30 cm 
wide and 110 cm in diameter) from a 3785 L (1000 gal) nurse tank in the neutron beam. 
By measuring the neutron diffraction pattern of the ferrite phase in the steel, shifts from 
the equilibrium interatomic spacing are used to determine the strain on the steel in small 
cube-shaped volumes in the metal that are 2 mm on a side. Spacings between parallel 
planes of atoms smaller than the equilibrium value for that steel indicate compressive 
strain, and interplanar spacings larger than the equilibrium value indicate tensile strain. 
The residual stress necessary to produce such strains can then be calculated by Hooke’s 
law. By sequentially measuring many 2 mm × 2 mm × 2 mm regions in three orientations, 
maps of residual stresses in the radial, hoop, and longitudinal directions were developed 
in selected regions of the specimen. 
Two 3785 L (1000 gal) nurse tanks were used in this experiment; one tank was manufac-
tured in 1966, the other in 1986. The steel used in these tanks was ASME SA516 Grade 70. 
Information on the weld materials used in fabricating these tanks is, unfortunately, unavail-
able. Both tanks had been in continuous service from their manufacture date until they were 
purchased for this research in 2009. A hoop section (fig. 2) was cut with an oxyacetylene 
torch from each of the two nurse tanks. The cuts were made parallel to the weld used to 
attach the hemispherical head to the cylindrical body of each tank, with the cuts made 15 
cm from the weld fusion zone. Temperature measurements made on the hoop section during 
cutting indicated that the temperature remained below 100°C in all but a 3 cm wide region 
beside the cuts. Both tanks were fitted with strain gauges prior to the oxyacetylene cutting to 
measure strain changes resulting from the cutting. In all locations, the strain changes meas-
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ured by the strain gauges were small, indicating that the largest residual stress change 
caused by the cutting was less than 25 MPa. 
The cut hoop sections were transported to the LANSCE site, and 180+ regions were 
measured by neutron diffraction in three orientations to determine residual stress distribu-
tions. After the diffraction experiments were completed on the hoop sections, a 4 mm thick 
slice containing the diffracted region was cut from the specimen using electric discharge 
machining (EDM). Further EDM cuts made this slice into a comb-shaped piece with 4 mm 
× 4 mm × 6 mm “teeth” to relieve all residual stresses (Hughes et al., 2003). These slices 
were then measured by diffraction to determine the “baseline value” of the ferrite lattice 
parameter that corresponded to a residual stress-free state. The variations in the lattice pa-
rameter from this baseline value were then attributed to composition variations. The size of 
these teeth was necessary so that the scanned region did not fall outside each tooth, but this 
size can result in retained residual stress (Ganguly et al., 2011). In the comb-shaped piece, 
the refined lattice parameter varied by 0.0248%. When this slice remained part of the hoop 
section, the lattice parameter varied by 0.241%. This indicates that the bulk of the change in 
lattice spacing was due to residual stress. 
Results 
The hoop residual stress distributions shown in figure 3 are quite similar for the two 
different tanks studied. In each case, the residual tensile stresses (denoted by the positive 
stress values on the plots) are nearly as large as the tensile yield strength of the steel. 
Once the tank is pressurized with ammonia, that imposes additional stresses on the metal 
such that the yield strength of the metal is exceeded, and the ultimate strength that the 
metal can hold is approached (fig. 4). Thus, the metal in the HAZ is under nearly the 
highest possible tensile stress state, making it especially susceptible to SCC initiation in 
Figure 2. Location of sections cut from nurse tanks for neutron diffraction analysis of residual stress. 
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Figure 3. Residual hoop stress distributions measured by neutron diffraction across a circumferential
weld for a tank manufactured in 1966 (left) and for a tank manufactured in 1986 (right). The error bars
represent errors propagating from determining the lattice spacing from the neutron diffraction data. 
 
 
 
 
Figure 4. Superimposition of the maximum residual tensile stress measured at LANSCE (lower dashed 
line) with two tensile stress-strain plots for the ASTM SA516 Grade 70 steel coupons from the tank used
for tensile testing. The upper dashed line shows the sum of the residual tensile stress in the weld HAZ
plus the stress imposed by pressurizing the tank with ammonia. This is the net stress on the steel in a
nurse tank in service, neglecting transient stresses associated with towing the tank over rough ground. 
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these regions. It is significant that the highest tensile stresses are found in the HAZ, not in 
the weld’s fusion zone. 
In order to verify the maximum tensile strength of the steel used in the nurse tanks, 
coupons were cut from other areas on the tank to use in fabricating tensile test specimens. 
These specimens were machined and tested in accordance with ASTM Standard E8 to 
determine the steel’s yield strength, ultimate tensile strength, and ductility as percent 
elongation at failure. 
Table 1 shows the maximum residual stresses measured in all three directions on the 
1966 tank: hoop, axial (parallel to the tank’s long dimension, also called longitudinal), 
and radial. The table also shows the stresses imposed by pressurizing the tank to the max-
imum anticipated pressure in service, 1.7 MPa (250 psi), and the percentage of the steel’s 
ultimate tensile strength when both stresses are summed. 
Figure 5 shows three color-coded maps of residual stress distributions obtained from  
  
Table 1. Maximum hoop, axial, and radial stresses in a nurse tank resulting from internal pressure and
from residual stress in the HAZ near welds. 
Stress 
Direction 
Internal 
Pressure 
(MPa) 
Residual Stress 
in HAZ 
(MPa) 
Percentage of Ultimate Tensile 
Strength of the Steel 
(%) 
Hoop 110 350 82 
Axial 50 250 54 
Radial 2 23 4.5 
 
Figure 5. Stress distributions in the 1966 nurse tank at depths of 2.5 to 6.5 mm beneath the outer tank 
surface. The zero distance point on each abscissa is the middle of the weld fusion zone. The hemispherical 
head lies to the right of zero, and the cylindrical tank body lies to the left of zero. Positive stresses are
tensile; negative stresses are compressive. The outside diameter of the tank was 1.041 m, and the thick-
ness of the shell was 8.25 mm. 
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neutron diffraction measurements performed on the 1966 nurse tank. These maps show 
more clearly that stress is triaxial in most regions measured, but hoop stresses are much 
higher than axial and radial stresses. The equivalent plots for the 1986 tank were very 
similar to the plots in figure 5. 
Discussion and Conclusions 
The high stresses measured in this study are not a surprise. Welds in other steel struc-
tures have been measured with this neutron diffraction technique, and it is common to see 
hoop stresses nearly as large as the yield strength of the metal (Park et al., 2004; Lunde 
and Nyborg, 1989, 1990; Webster et al., 1995). This suggests that thermally induced hoop 
stresses during welding are high enough to permanently deform the metal by a small 
amount. Once that plastic flow occurs, the residual tensile stress drop to approximately 
the yield strength level. Subsequent pressurizing of the tank with anhydrous ammonia, 
plus subjecting it to the transient stresses that result from towing a loaded tank over rough 
ground, impose additional stresses that again exceed the yield strength of the steel, thus 
causing small amounts of additional plastic deformation. 
Tanks do not fracture immediately or routinely under these stresses because steel has 
extensive ductility that allows small amounts of plastic flow to accommodate the stresses 
that exceed the yield strength. Nevertheless, such high stresses in the steel make SCC in 
welded nurse tanks more likely because the tanks are stressed to nearly the highest possi-
ble values during most of their service life. This would also be expected to accelerate 
SCC crack initiation and, to a lesser extent, propagation.The high residual tensile stresses 
in the HAZ decrease rapidly to much lower stress values as one moves to regions farther 
from the weld; thus, crack initiation conditions are severe near welds, but the stresses that 
tend to propagate the cracks diminish with distance from the weld, which would be ex-
pected to slow SCC crack expansion as the crack grows outward from the weld. 
The data presented in figure 6 indicate that the residual stresses remaining in the comb 
teeth of the section cut with EDM were quite small; thus, the residual stress determina-
tions presented in figures 3 and 5 are believed to be valid indications of high residual 
tensile stresses near the welds of these tanks. 
Steel is a high-toughness material that accommodates large critical crack sizes. The 
critical size is the crack dimension that causes instantaneous, catastrophic failure. These 
findings suggest that crack initiation conditions are severe in nurse tanks, but because the 
residual stress falls off rapidly away from the weld line, cracks will be slow to expand to 
the size that causes tank rupture. 
Stresses are lower in the axial (or longitudinal) direction (parallel to the tank’s length) 
and radial direction (parallel to the cylinder’s radius). The observation that the highest 
residual stresses occur in the HAZ rather than in the fusion zone and in the hoop direction 
rather than in the axial or radial directions can guide development of future inspection 
procedures. Other aspects of this research (to be reported in a future article) are investi-
gating whether a productive search for cracks by side-angle ultrasound could be per-
formed along the HAZ with transducers oriented to detect cracks perpendicular to the 
weld line. 
These findings have several implications for agricultural health and safety: 
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• The highest residual tensile stresses are hoop stresses, so if new tank inspection 
procedures such as side-angle ultrasound inspection were adopted in the future, the 
most important cracks to detect would be those growing perpendicular to the weld. 
Since inspection of every region of a nurse tank by side-angle ultrasound would be 
prohibitively time-consuming and expensive, this finding could inform inspection 
protocols to maximize detection of cracks perpendicular to and near the weld line 
while minimizing inspection time and effort for other crack orientations and in oth-
er tank regions that pose much lower risks. 
• It was observed that residual tensile stresses decrease rapidly with increasing dis-
tance from the weld fusion zone. Thus, SCC cracks that form near welds may be 
expected to propagate more slowly as the distance from the weld increases. This, in 
turn, suggests that cracks growing perpendicular to the hoop stress (the direction of 
highest residual stress) may grow more slowly as they approach the critical crack 
size for catastrophic failure, thus extending the time period when they are large 
enough to be detected but are still substantially smaller than the critical size. 
• Since cracks propagating parallel to the weld line are subjected to residual axial 
tensile stresses, which are lower than hoop stresses, the critical size for cracks par-
allel to the weld line would be substantially longer than the critical size for cracks 
perpendicular to the weld line. This suggests that large cracks detected parallel to 
the weld line would be expected to pose lesser threats to tank integrity. 
The findings from this study suggest that future tank safety research should focus on 
the possible cost-benefit ratio of performing a stress-relief anneal as a routine step in the 
tank manufacturing process. The findings also suggest that it would be valuable to per-
form a side-angle ultrasound survey on a large population (hundreds) of used nurse tanks 
Figure 6. Variations in the calculated lattice parameter in the hoop orientation. Solid lines indicate data 
from the hoop section, dotted lines indicate data from the slice taken from the same region cut into a
4 mm thick comb with 4 × 4 × 6 mm teeth. Error bars represent errors in fitting the lattice parameter to
the three largest diffraction peaks for each scan. 
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to measure the number, orientation, and location of cracks in those tanks. That infor-
mation could provide a database to guide formulation of future tank inspection protocols. 
In fact, we are presently conducting research to address each of these factors, and these 
findings are expected to become available in 2014. 
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